A colony of mice that do not harbor lactobacilli in their digestive tracts but whose intestinal microflora is otherwise functionally similar to that of conventional animals was derived. Methods used to reconstitute the intestinal microflora of the mice included inoculation of the animals with cultures of specific microbes, noncultivable microbes attached to epithelial cells, and cecal contents from conventional mice treated with chloramphenicol. Twenty-six microflora-associated characteristics were monitored by using relatively simple tests to determine the microflora status of the mice.
Lactobacilli are numerically predominant members of the normal microflora of the proximal digestive tract of several animal species (15) . Historically, microbiological interest in gastrointestinal lactobacilli has centered on the supposed beneficial effects conferred on the animal host by these microbes (20) . Modern scientific investigation of lactobacillus-host interactions requires the development of an experimental animal model with which microbial influences on the host can be observed under microbiologically constant conditions. Gnotobiotic animal technology can be used to maintain rodents under such conditions, but gnotobiotes monoassociated with lactobacilli do not provide a satisfactory model with which to study the microecology of these bacteria. This is because the colonization of the gastrointestinal tract by lactobacilli is influenced by other members of the normal microflora (24) . The other members of the microflora also influence the host in ways that may be critical to the evaluation of the importance of the lactobacilli as inhabitants of the digestive tract (5) . There is a need, therefore, to derive experimental animals, housed under gnotobiotic conditions, that do not harbor lactobacilli in their gastrointestinal tracts yet retain a microflora functionally equivalent to that of their conventional counterparts. Lactobacillus-free (LF) animals and animals colonized by selected strains of lactobacilli could then be compared to determine the influence of the microbes on the host.
A colony of LF mice was derived previously by using a combination of gnotobiotic technology and antibiotic treatment (24) . Briefly, conventional mice were administered penicillin in the drinking water and transferred between sterile germfree isolators until lactobacilli had been eliminated from the environment. The descendants of these animals have been maintained in an LF state by using gnotobiotic methodology, in the absence of penicillin administration, for approximately 4 years. Although still harboring a complex collection of microbes, the LF mice lacked some other members of the gastrointestinal tract microflora in addition to lactobacilli; filamentous segmented bacteria inhabiting the small bowel of conventional mice were absent, as were enterococci from the gastrointestinal tract. The ceca of LF mice were larger than those of conventional mice, which pointed to the absence of a complete microflora (5, 24) .
We report in this paper the methods used to restore a conventionally functioning intestinal microflora to LF mice while maintaining the LF status of the mice. Relatively simple methods by which the status of the microflora can be monitored are also described. Particular emphasis was placed on reconstitution of the large-bowel microflora, since this site harbors the largest numbers and greatest diversity of indigenous microbes inhabiting the gastrointestinal tract (15) .
MATERIALS AND METHODS
Mice. All animals (LF, partially reconstituted LF [PRLF], reconstituted LF [RLF], and conventional) in this study were maintained under identical conditions in flexible plastic isolators (Standard Safety Equipment Co., Palatine, Ill.), fed gamma radiation-sterilized food (pellets B [1] ) and autoclaved water, and provided with autoclaved paper bedding (13) . LF BALB/c mice were derived as reported previously (24) . Conventional BALB/c mice were introduced into a sterile isolator and maintained thereafter as if they were gnotobiotes. PRLF and RLF mice were derived by inoculating lightly anesthetized LF or PRLF mice intragastrically with appropriate preparations as listed below (13) . For examination of organs, mice were killed by carbon dioxide anesthesia followed by cervical dislocation.
Enumeration of gastrointestinal microbes. Lactobacilli, enterococci, and coliforms were enumerated by culturing sterile distilled water homogenates of gastrointestinal organs on selective media as described in previous publications (13, 19) . Fusiform populations were calculated from dilutions of organ homogenates observed in counting chambers by phase-contrast microscopy (13) . Bacteroides were enumerated by culturing brain heart infusion broth dilutions of homogenates on brain heart infusion agar plates (9) . Homogenates, dilutions, and cultures were made in an anaerobic glove box (Forma Scientific, Marietta, Ohio).
Observation of spiral-shaped and mucosa-associated microbes. Spiral-shaped bacteria were observed by transmission electron microscopy in negatively stained washings prepared from the colon mucosa of mice. A length of proximal colon was tied onto a glass rod and everted. After removal of the bulk of any attached colon contents from the mucosal surface, the tissue was agitated vigorously in 10-ml portions of 0.1 M phosphate-buffered saline (pH 7.2) until a cloudy suspension was obtained. The washings were centrifuged at 5,000 x g for 10 min, and the pellet was suspended in 3 drops of 2% phosphotungstic acid (pH 6.0) and examined by transmission electron microscopy. Epithelium-associated filamentous segmented microbes inhabiting the small bowel were observed in specimens by scanning electron microscopy as described previously (24) . Layers of microbes associated with the colon mucosa were demonstrated by light microscopy of sections prepared with a microtomecryostat and Gram stained (21) .
Size, pH, and dry-matter content of the cecum. The cecum was removed after recording the body weight of the animal. Cecal size was expressed as cecal weight (as a percentage of total body weight). Dry-matter content was obtained by lyophilizing preweighed amounts of cecal contents for 24 h. The dry weight of the specimens was determined and expressed as a percentage of the wet weight. In other experiments, cecal contents were homogenized in sterile Milli-Q water (Millipore S.A., Molsheim, France) to make a 10-fold dilution (wt/vol). The pH of pooled suspensions from three mice was determined by using a pH meter.
Indole concentration, 0-glucuronidase activity, and volatile fatty acids in cecal contents. Indole concentration in cecal contents was determined by the method of Whitt and Demoss (28). P-Glucuronidase activity in ultrasonically disintegrated cecal contents was determined by the method of Rod and Midtvedt (14) . Volatile fatty acids (acetic, propionic, and butyric) were detected by gas chromatographic analysis of distillates from cecal homogenates (13) .
,I-Aspartylglycine. Lyophilized cecal contents (5 mg) were reconstituted in 200 RIul of demineralized water and homogenized in an ultrasonic bath for 5 min. The homogenate was centrifuged for 15 min in an Eppendorf centrifuge (11,430 x g), and the supernatant was used to assay for ,B-aspartylglycine by high-voltage electrophoresis (27) . Deconjugation of taurodeoxycholic acid by cecal contents. Lyophilized cecal contents (25 mg) were homogenized in 1 ml of demineralized water containing 0.1% Triton X-100 by using an Ultraturrax. The suspension was centrifuged for 15 min in an Eppendorf centrifuge (11,430 x g), and the resulting supernatant was then ultracentrifuged (210,000 x g) for 60 min. The supernatant was dialyzed overnight against phosphate-buffered saline (pH 7.2) to remove lowmolecular-weight substances, including taurine. The retentate was used as a cecal enzyme preparation. A 40-pJl sample of preparation was added to 20 ,ul of taurodeoxycholate sodium salt (2.5 mg/ml of phosphate-buffered saline) and incubated overnight at 37°C. A 45-,lI amount was applied in 5-pI portions to 3MM chromatography paper (Whatman, Inc., Clifton, N.J.). A 15-pI portion of a taurine reference solution (0.6 mg/ml) and a control incubation mixture containing 20 RI of phosphate-buffered saline instead of taurodeoxycholate were also applied. High-voltage paper electrophoresis was performed as described previously (27) . The amount of taurine liberated from taurodeoxycholate by cecal enzymatic action was semiquantitatively determined by visual comparison with the intensity of the reference solution of taurine.
Urobilinogen and coprostanol. Urobilinogen was detected in concentrated cecal homogenates by using Bilugen-Test strips (Boehringer GmbH, Mannheim, Federal Republic of Germany). Cecal contents from five mice were pooled and diluted 10-fold in sterile distilled water. The contents were centrifuged (12,718 x g for 3 min); the supernatant was lyophilized and then suspended in 1/10th the original volume of water. Concentrated cecal contents (20-pul volumes) were applied to the test strips, and appropriate color reactions were recorded according to the instructions of the manufacturer. Coprostanol was detected in cecal homogenates by gas-liquid chromatography according to the method of Carlstedt-Duke and colleagues (2) .
Electrophoresis of cecal contents. Electrophoretic patterns of cecal mucins and proteins were detected by using a gel GNA-100 apparatus (Pharmacia, Uppsala, Sweden) in a manner similar to that described by Gustafsson and Carlstedt-Duke (6) . Agarose gels (0.8%) were prepared in 0.1 M barbitone buffer (pH 8.6) on glass plates. Electrophoresis of concentrated cecal contents (see above) was carried out by using barbitone buffer (0.2 M) for 30 min at 20 V/cm. Gels were pressed between paper towels for about 1 h to express buffer from the gel matrix and then dried overnight before being stained with either periodic acid-Schiff reagent, 0.05% toluidine blue stain, or Coomassie brilliant blue R stain (6) .
API ZYM galleries. ,-Glucuronidase, a-galactosidase, ,Bgalactosidase, P-glucosidase, N-acetyl-p-glucosaminidase, and trysin activities in cecal contents were assayed semiquantitatively by using API ZYM galleries (API System S. A., La Balme les Grottes, France). Cecal contents from five mice were pooled and homogenized in sterile saline to give a 10-fold dilution (wt/vol). The homogenates were centrifuged at 700 x g for 2 min, and the supernatant was used to inoculate API ZYM galleries (65 pA per cupule). The galleries were incubated at 37°C for 4 h, after which the results were read according to the instructions of the manufacturer. These enzyme activities were assayed because little if any galactosidase, glucuronidase, glucosidase, or glucosaminidase activity can be detected in the cecal contents of germfree mice examined with API ZYM galleries. Trypsin activity, by contrast, is always high in germfree contents but low in conventional cecal contents (D. D. Whitt, D. C. Savage, and G. W. Tannock, unpublished observations). Proteolytic activity in cecal contents. Cecal contents were homogenized in 0.05 M Tris buffer (pH 7.8) to give a 10-fold dilution (wt/vol). Volumes of 100 and 10 1.l of supernatant obtained from centrifugation of the homogenates (6, 647 x g for 10 min) were added to 5-ml volumes of buffer containing 20 mg of hide powder azure (Sigma Chemical Co., St. Louis, Mo.) according to the method of Rinderknecht and colleagues (12) . The suspensions were incubated at 37°C for 30 min with frequent agitation. Proteolytic activity was measured colorimetrically at a 595-nm wavelength of light and by reference to a standard curve prepared from trypsin (Sigma).
Reconstitution of the enterococcal component of the intestinal microflora. The cecum of each of four conventional mice was removed, homogenized in sterile distilled water to give a 10-fold dilution (wt/vol), and diluted in 10-fold steps to 10-6. Then a 100-pul volume of each dilution was spread plated on methylene blue agar plates, selective for enterococci, and incubated aerobically for 24 h at 37°C (17) . Bacterial growth on plates containing 25 to 30 colonies was washed from the agar surface with 5 ml of sterile distilled water. The resulting suspensions were diluted and cultured as before but on brain heart infusion agar and on medium 10 agar (selective for lactobacilli [18] ). The colonies growing on brain heart infusion agar inoculated with the 106 dilution were verified by Gram stain to be gram-positive cocci. The growth on these plates was suspended in sterile distilled water, introduced into an isolator containing LF mice, and used to inoculate the animals. Restoration of conventional numbers of enterococci to the cecal microflora led to some reduction in cecal size.
Reconstitution of the Beal microflora with filamentous, segmented microbes. Iteal epithelium with attached filamentous segmented microbes was harvested from conventional mice, treated with 70% ethanol, and used to inoculate LF mice according to the method of Tannock et al. (25) .
Restoration of conventional propionic acid concentration, proteolytic activity, bacteroides numbers, mucin electrophoretic pattern, and cecal dry-matter values. Conventional mice housed in an isolator were administered chloramphenicol (5 mg/ml) in the drinking water for 2 days. Chloranmphenicol is known to cause minimal disruption to the large-bowel microflora (4). Cecal contents from animals killed at this time did not contain lactobacilli, but proteolytic activity had remained at conventional values. An anaerobically prepared homogenate (10-fold dilution [wt/vol]) from chloramphenicol-treated mice was used to inoculate PRLF mice. Colonization of mice by microbes within this inoculum influenced bacteroides numbers, propionic acid concentration, cecal dry-matter content, and mucin electrophoretical pattern in addition to proteolytic activity in the cecal contents.
RESULTS
Differences in microflora-associated characteristics between LF and conventional mice. LF mice lacked filamentous segmented microbes in the small bowel, had larger ceca than did conventional mice, and did not harbor enterococci (24) .
Restoration of the filamentous segmented microbes was accomplished as reported previously (25) by inoculating LF mice with Percoll gradient-harvested epithelial cells with attached filamentous microbes from conventional mice. Enterococci cultured from conventional mice colonized LF mice at population levels similar to those observed in conventional animals ( Table 1 ). The addition of enterococci to the microflora of LF mice resulted in some reduction in cecal size (Table 1 ; P < 0.05, Student t test) but not to conventional values. Animals whose microflora had been supplemented in this way were referred to as PRLF.
Differences in microflora-associated characteristics between PRLF and conventional mice. PRLF mice had larger ceca, less propionic acid, fewer bacteroides, more dry matter, and higher proteolytic activity in cecal contents than did conventional mice ( Table 2 ; P < 0.01, Student t test). The cecal contents of PRLF animals contained undergraded mucins, as evidenced by electrophoretic examination of large-bowel preparations ( Fig. 1 [6] ). These abnormalities were corrected by inoculating PRLF animals with anaerobically prepared cecal homogenates from conventional mice to which chloramphenicol had been administered in the drinking water ( Table 2 ). Animals whose microflora had been supplemented in this way were referred to as RLF.
Comparison of microflora-associated characteristics between RLF and conventional mice. Electron microscope examination of washings from the mucosal surface of colons from conventional and RLF mice showed spiral-shaped microbes to be present in both groups of animals (Fig. 2) . Dense layers of microbes associated with the large-bowel mucosal surface were seen in Gram-stained sections prepared from both groups of animals. Electrophoretic patterns of cecal mucins and proteins were similar for RLF and conventional mice (Fig. 1) . Microbial populations and other quantifiable microbe-associated factors were not significantly different between RLF and conventional mice (Student t test; P < 0.01 except for P-glucuronidase [P < 0.05]).
All comparative data concerning RLF and conventional mice are given in Table 3 . 
DISCUSSION
It has been possible, by using the methods described here, to restore to LF mice an intestinal microflora functionally equivalent to that of conventional mice. The stepwise addition of specific bacteria to the microflora or the use of a nonspecific mixture of microbes to inoculate LF mice resulted in animals with 26 microflora-associated characteristics similar to those of conventional mice.
The tests used to monitor and compare the microfloras of the mice were chosen primarily on the basis of observations made on antibiotic-treated animals in other studies. Thus, conversion of cholesterol to coprostanol, transformation of bile acids (e.g., deconjugation), conversion of bilirubin to urobilinogens, degradation of mucin, inactivation of endopeptidases (e.g., trypsin), concentrations of short-chain volatile fatty acids, degradation of dipeptides (e.g., Paspartylglycine), cecal size, cecal dry matter, and population levels of bacterial groups are factors known to be influenced by antimicrobial agents in the intestinal tract (3, 4, 11, 16, 27) . Other biochemical tests (indole concentration, P-glucuronidase activity, and the activities of various galactosidases and glucosidases) were used in our studies because they have been shown to be influenced by the intestinal microflora (1, 10) . Some interesting observations resulted from these studies. First, inoculation of LF animals with enterococci isolated from conventional animals resulted in a slight reduction in cecal size. The specific mechanism by which the cecal microflora influences cecal size has never been conclusively elucidated, although inactivation of smooth muscle-active chemicals or degradation of high-molecular-weight compounds in the cecum by the microflora has been suggested (5) . It is probable that a consortium of microbes is involved in the phenomenon of reduction in cecal size. This hypothesis is supported by the observation that inoculation of LF or germfree mice with cecal contents from conventional mice, but not with pure cultures of indigenous bacteria prepared in the laboratory, reduces the size of the cecum (13, 26) . Further studies with LF mice may clarify this phenomenon.
Of all of the tests used to monitor the cecal microflora, proteolytic activity in the cecal contents was found to be a sensitive, easily performed test indicating the conventional microflora status of the host. Proteolytic activity in the large bowel is due to active proteolytic enzymes of host origin (e.g., trypsin) and of bacterial origin. Germfree animals and animals lacking certain components of their microflora have high levels of proteolytic activity in the large-bowel contents. This is because proteolytic enzymes secreted into the small bowel pass into the large bowel but are not inactivated because of the lack of appropriate members of the microflora. In conventional animals, as yet unidentified microbes inactivate the proteolytic enzymes of host origin, giving a much lower level of activity than is seen in germfree animals (1) . In our studies, proteolytic activity was reduced to conventional levels when PRLF mice were inoculated with cecal contents from chloramphenicol-treated mice. This same inoculum restored several other microflora-associated characteristics to conventional values. Thus, restoration of conventional levels of proteolysis to the cecum is likely to indicate a conventionally functioning microflora in that organ. Despite many attempts, it has not been possible to assign a single microbial group as the mediators of proteolytic enzyme inactivators in the ceca of mice (Tannock, unpublished observations). Many of the microflora-associated characteristics of animals, we believe, are due to the activities of consortia of microbes, as is the case in ruminal fermentation (7, 8) .
The derivation of LF mice with a conventionally functioning intestinal microflora provides a much needed tool with which to study the microecology of lactobacilli indigenous to the digestive tract. The mice can be used to test the colonization abilities of isogenic strains of lactobacilli in a realistic manner, since a full complement of both hostand microflora-associated characteristics is present. The mechanisms by which lactobacilli colonize the digestive tract can thus be identified (22) . Such studies can be performed in isolators, maintaining microbiologically constant conditions throughout experiments. The RLF mice will also be important in determining the impact of the presence of lactobacilli in the gastrointestinal tract upon the host animal. Animals colonized by specific lactobacillus strains could be compared with mice that differ only in the lack of a lactobacillus component to their microflora. Realistic assessments of the growth-promoting influences of lactobacilli on the host animal could then be made, as could assessments of the role of lactobacilli on enzyme activity in the proximal small bowel (23, 29) . This unique animal colony holds much promise for the microecological study of the gastrointestinal lactobacilli.
